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REMARKS 

Claims 109-120 are pending and claims 1-108 and 121-171 have been canceled without 
prejudice. Applicants expressly reserve the right to pursue the canceled subject matter in this 
application or subsequent applications that claim the benefit of this application. 

Applicants note that eculizumab is h5Gl.l-mAb, it is not h5Gl.l-scFv as the Examiner 
stated in the 35 U.S.C. § 103(a) rejection in the Office Action of March 21, 2008. Rather hSGl.l- 
scFv is the single chain antibody named pexelizumab. 

Issues raised by the Examiner will be addressed below in the order they appear in the prior 
Office Action. 

DETAILED ACTION 

Continued Examination 

1 . Applicant notes with appreciation that the amendment filed January 10, 2008 has been 
entered. The Examiner has acknowledged that no outstanding grounds for rejection are maintained. 

Claim Rejections under 35 U.S.C. § 103 

2. The Examiner has rejected claims 109-120 under 35 U.S.C. § 103(a) as allegedly being 
upatentable over Alexion f s press release dated January 6, 2003 in view of Collard et al. (Arterioscler 
Thromb Vase Biol. [1999] 19(1 1): 2623-29). The Examiner alleges that Alexion's press release 
teaches the use of the anti-C5 antibody, eculizumab, for the treatment of subjects with paroxysmal 
nocturnal hemoglobinuria (PNH). The Examiner alleges that treatment of NO deficiency in PNH 
patients would be an inherent property of eculizumab. The Examiner states that the press release 
does not specifically link the hemolytic disease with NO deficiency or the effect of h5Gl .1-scFv on 
NO levels. The Examiner alleges, "Collard teaches the treatment of hypoxic HUVECs with 
h5Gl.l-scFv. Collard teaches that terminal complement component C5b-9 deposition results in a 
functional loss of NO-dependent relaxation, increases VCAM-1 expression and decreases cGMP 
levels. Collard teaches that decreased cGMP levels may compromise vascular blood flow because 
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of decreased endothelium-dependent relaxation and increased adhesion of neutrophils to the 
endothelium. Collard teaches that h5Gl . 1 -scFv treatment of the HUVECs attenuates C5b-9 
deposition and preserves acetylcholine induced increases in cGMP after hypoxia/reoxygenation." 
The Examiner alleges it would have been obvious to use h5Gl .1-scFv antibody for the treatment of 
NO deficiency in a subject. Applicants respectfully traverse. 

To negate the patentability of the claimed invention, the cited combination of references 
must teach or suggest each and every element of the claimed invention. The clinical study in the 
cited Alexion press release was specific to treating PNH patients. The press release does not 
disclose that all patient populations could be treated for NO deficiency with compounds which bind 
to one or more complement components, compounds which block the generation of one or more 
complement components and compounds which block the activity of one or more complement 
components as is claimed in the present application. The teachings and observations of the press 
release are limited to PNH patients. 

The deficiencies of the press release are not remedied by the teachings of Collard et al. 
Collard et al. treat hypoxic/reoxygenated HUVEC cells with anti-C5 antibodies thereby attenuating 
C5b-9 deposition and relieving a functional loss of NO-dependent relaxation through a mechanism 
involving decreased cGMP signaling. Collard et al. do not disclose that NO deficiency can be 
treated with complement inhibitors as claimed in the present application. Relieving a functional 
loss of NO-dependent relaxation does not suggest treatment of NO deficiency in all situations. 
Functional loss of NO-dependent relaxation is not equivalent to NO deficiency as the latter occurs 
upstream of the decreased cGMP signaling shown in Collard et al. For example, NO deficiency 
results in reduced clot dissolution and significant fibrin deposition and thrombus formation through 
direct interactions of NO not involving cGMP signaling (see Exhibit A; page 1658, center column). 
One of ordinary skill in the art would not expect the teachings of Collard et al. to relieve symptoms 
of NO deficiency not associated with decreased cGMP signaling. 

In addition, the disclosure of Collard et al. is limited to situations where cells are 
reoxygenated after hypoxia. One of ordinary skill in the art would not expect that anti-C5 
antibodies would relieve a functional loss of NO-dependent relaxation under all circumstances 
based on the teaching of Collard et al. 
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Given that the press release and Collard et al. fail to teach or suggest each and every element 
of the claimed invention, the combination of references fails to render the claimed invention 
obvious. Reconsideration and withdrawal of the rejection under 35 U.S.C. § 103(a) are respectfully 
requested. 
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CONCLUSION 

In view of the foregoing amendments and remarks, Applicants submit that the pending 
claims are in condition for allowance. Early and favorable reconsideration is respectfully solicited. 
The Examiner may address any questions raised by this submission to the undersigned at 61 7-951 - 
7000. If an additional fee is due, please charge our Deposit Account No. 1 8-1945, under Order No. 
ALXN-P01-114 from which the undersigned is authorized to draw. 



Dated: June 23, 2008 Respectfully submitted, 



Ryan Murphey 

Registration No.: 61,156 
ROPES & GRAY LLP 
One International Place 
Boston, Massachusetts 02110-2624 
(617) 951-7000 
(617) 951-7050 (Fax) 
Attorneys/Agents For Applicant 
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Exhibit A 



CLINICAL REVIEW 



CLINICIAN'S CORNER 



The Clinical Sequelae 

of Intravascular Hemolysis 

and Extracellular Plasma Hemoglobin 

A Novel Mechanism of Human Disease 



Context The efficient sequestration of hemoglobin by the red blood cell membrane 
and the presence of multiple hemoglobin clearance mechanisms suggest a critical need 
to prevent the buildup of this molecule in the plasma. A growing list of clinical mani- 
festations attributed to hemoglobin release in a variety of acquired and iatrogenic he- 
molytic disorders suggests that hemolysis and hemoglobinemia should be considered 
as a novel mechanism of human disease. 

Evidence Acquisition Pertinent scientific literature databases and references were 
searched through October 2004 using terms that encompassed various aspects of he- 
molysis, hemoglobin preparations, clinical symptoms associated with plasma hemo- 
globin, nitric oxide in hemolysis, anemia, pulmonary hypertension, paroxysmal noc- 
turnal hemoglobinuria, and sickle-cell disease. 

Evidence Synthesis Hemoglobin is released into the plasma from the erythrocyte dur- 
ing intravascular hemolysis in hereditary, acquired, and iatrogenic hemolytic conditions. 
When the capacity of protective hemoglobin-scavenging mechanisms has been satu- 
rated, levels of cell-free hemoglobin increase in the plasma, resulting in the consumption 
of nitric oxide and clinical sequelae. Nitric oxide plays a major role in vascular homeosta- 
sis and has been shown to be a critical regulator of basal and stress- mediated smooth 
muscle relaxation and vasomotor tone, endothelial adhesion molecule expression, and 
platelet activation and aggregation. Thus, clinical consequences of excessive cell-free plasma 
hemoglobin levels during intravascular hemolysis or the administration of hemoglobin 
preparations include dystonias involving the gastrointestinal, cardiovascular, pulmonary, 
and urogenital systems, as well as clotting disorders. Many of the clinical sequelae of in- 
travascular hemolysis in a prototypic hemolytic disease, paroxysmal nocturnal hemoglo- 
binuria, are readily explained by hemoglobin-mediated nitric oxide scavenging. 

Conclusion A growing body of evidence supports the existence of a novel mecha- 
nism of human disease, namely, hemolysis-associated smooth muscle dystonia, vas- 
culopathy, and endothelial dysfunction. 

JAMA. 2005;293:1653-1662 www.jama.com 



react with nitric oxide produced by en- erythrocyte. 7 " 9 Thus, the evolution of the 
dothelium is limited by compartmen- erythrocyte may be considered as a 
talization of hemoglobin inside the mechanism of reducing toxicity while 



Russell P. Rother, PhD 

Leonard Bell, MP 

Peter Hillmen, MB, PhD 

Mark T. Gladwin, MP 

HEMOGLOBIN IS A HIGHLY CON- 
served molecule found in 
species ranging from single- 
cell organisms to mam- 
mals, but the role of hemoglobin in 
different organisms varies. While he- 
moglobin in bacteria functions as a ni- 
tric oxide sump by oxidation of nitric 
oxide to nitrate, 1 " 3 hemoglobin func- 
tions to remove oxygen in nematodes, 
a critical task for anaerobes.** By con- 
trast, in mammals, hemoglobin primar- 
ily serves a respiratory function in the 
delivery of oxygen and removal of car- 
bon dioxide. Based on the recent dis- 
covery that nitric oxide is a critical regu- 
lator of vasodilation and vascular 
homeostasis, the interactions of nitric 
oxide with hemoglobin in mammals has 
drawn increasing interest. Because the 
reaction of nitric oxide with the vast 
amounts of intravascular oxyhemoglo- 
bin (16 g/dL) is fast (10 7 MV) and ir- 
reversible, it would be expected that ni- 
tric oxide produced by endothelium 
would be immediately scavenged by he- 
moglobin and would therefore be in- 
capable of paracrine diffusion from en- 
dothelium to vascular smooth muscle. 5,6 
However, the ability of hemoglobin to 
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ensuring separation of the critical res- 
piratory transport machinery needed for 
efficient oxygen delivery from the en- 
dothelium. Moreover, multiple sys- 
tems have evolved to control the level 
of cell- free hemoglobin in the plasma 
during normal physiological hemoly- 
sis, presumably to curtail the deleteri- 
ous effects of plasma hemoglobin on ni- 
tric oxide bioavailability and endothelial 
function. 

During intravascular hemolysis, 
cell-free plasma hemoglobin may over- 
whelm homeostatic systems in place 
to remove it. 10 Hemolytic conditions 
with substantial intravascular hemoly- 
sis include paroxysmal nocturnal 
hemoglobinuria (PNH), sickle-cell dis- 
ease (SCD), thalassemias, hereditary 
spherocytosis and stomatocytosis, 
microangiopathic hemolytic anemias, 
pyruvate kinase deficiency, ABO mis- 
match transfusion reaction, paroxys- 
mal cold hemoglobinuria, severe idio- 
pathic autoimmune hemolytic anemia, 
infection-induced anemia, malaria, 
cardiopulmonary bypass, mechanical 
heart valve-induced anemia, and 
chemical-induced anemias. Although 
the various hemolytic diseases each 
have unique symptoms, they often 
share hemoglobinemia-related se- 
quelae. In addition, observations from 
the clinical administration of artificial, 
purified, and recombinant hemoglobin 
solutions have provided further 
support for the causal relationship 
between excess cell-free hemoglobin 
in the bloodstream, symptoms, and 
cardiovascular events. 11,8 

Nitric oxide scavenging by excess 
plasma hemoglobin has been impli- 
cated in various clinical manifesta- 
tions of intravascular hemolysis. Ni- 
tric oxide is a regulator of smooth 
muscle tone and platelet activation, and 
reductions in nitric oxide plasma lev- 
els lead to smooth muscle dystonias, in- 
cluding hypertension, gastrointestinal 
contractions, and erectile dysfunc- 
tion, as well as clot formation. 16 - 17 * 19 - 26 
Hemoglobin also exerts direct cyto- 
toxic, inflammatory, and pro-oxidant 
effects that adversely affect endothe- 
lial function. 27 

1654 JAMA, April 6, 2005— Vol 293. No. 13 (Re 



EVIDENCE ACQUISITION 

Multiple searches were performed with 
the New England Research Applica- 
tion Center and PubMed through Oc- 
tober 2004, including various combi- 
nations of the following key search 
terms: hemoglobin, recombinant, cell- 
free, stroma-free, artificial heme, hemo- 
lysis, marker, lactate dehydrogenase, 
LDH, anemia, pulmonary hypertension, 
abdominal, abdomen, pain, erectile dys- 
function, dysphagia, smooth muscle, 
nitric oxide, paroxysmal nocturnal he- 
moglobinuria, and sickle-cell disease. Ref- 
erences cited in textbooks or articles 
were also used in some cases. Plasma 
hemoglobin concentrations are re- 
ported throughout this review in terms 
of hemoglobin tetramer. Because each 
tetramer contains 4 heme groups, he- 
moglobin can react with and inacti- 
vate 4 nitric oxide molecules. 

EVIDENCE SYNTHESIS 
The Removal of Hemoglobin 
During Intravascular Hemolysis 

When red blood cells (RBCs) are de- 
stroyed within the vascular compart- 
ment, hemoglobin escapes into the 
plasma, dimerizes, and is rapidly bound 
by the serum protein haptoglobin. The 
haptoglobin-hemoglobin complex ex- 
poses a neoepitope that is recognized by 
the hemoglobin scavenger receptor, 
CD 163 on the surface of monocytes/ 
macrophages, which binds the com- 
plex with high affinity and mediates hap- 
toglobin-hemoglobin endocytosis and 
degradation. 28 29 Since haptoglobin is not 
recycled, formation of large amounts of 
haptoglobin-hemoglobin complexes 
leads to rapid haptoglobin depletion. 
Thus, in severe hemolytic diseases such 
as PNH and SCD, serum haptoglobin is 
typically undetectable. 10 

Ferrous heme (Fe n ), the oxygen- 
binding component of hemoglobin, can 
be oxidized to ferric heme (Fe m ), which 
is then released from hemoglobin and 
binds with high affinity to a plasma gly- 
coprotein, hemopexin. Heme bound to 
hemopexin is degraded in a series of en- 
zymatic steps in the liver. Heme oxygen- 
ase 1 (HO- 1) subsequendy breaks down 
the pro-oxidant and pro-inflammatory 

inted) ©2005 Am 



heme into carbon monoxide, biliver- 
din, and iron. Carbon monoxide has 
vasodilatory, antiproliferative, anti- 
inflammatory, and antioxidant proper- 
ties, 30 " 33 while biliverdin is an antioxi- 
dant that is converted by biliverdin 
reductase to bilirubin. 34,35 Biliverdin re- 
ductase itself has catalytic antioxidant 
properties. 34 The heme-derived oxi- 
dant iron is directly sequestered and in- 
activated by ferritin. 36 Additionally, hap- 
toglobin-hemoglobin binding to CD 163 
signals anti-inflammatory IL-10 and 
HO-1 induction in circulating mono- 
cytes. 37 Thus, the antioxidant, antico- 
agulant, antiproliferative, and vaso- 
dilating effects of the CD163/HO-1/ 
biliverdin reductase systems likely 
represent an evolved compensation for 
the nitric oxide scavenging, vasocon- 
strictive, proliferative, inflammatory, and 
pro-oxidant effects of extracellular he- 
moglobin, heme, and heme- iron. 

When the capacity of these scav- 
enging mechanisms has been satu- 
rated during acute or chronic hemoly- 
sis, levels of hemoglobin and heme 
increase in the plasma and urine. 
Plasma hemoglobin has the ability to 
scavenge nitric oxide while heme pos- 
sesses multiple proinflammatory and 
pro-oxidant properties. 

Hemolysis Causes Local and 
Systemic Nitric Oxide Deficiency 
Through the Release of 
Hemoglobin in Plasma 

Nitric oxide reacts with hemoglobin in 
an extremely fast and irreversible reac- 
tion (10 7 M 's' 1 ) that produces an inac- 
tive oxidation product nitrate (N0 3 ) and 
methemoglobin. 6 The speed and irre- 
versibility of this reaction is such that 
very little hemoglobin can completely 
inhibit endothelial nitric oxide and pro- 
duce endothelial dysfunction. For 
example, 0.01 g/dL of hemoglobin is suf- 
ficient to completely inhibit aortic ring 
dilation on exposure to acetylcholine. 38 
Under normal physiological condi- 
tions, the reaction rate of nitric oxide and 
hemoglobin is severely limited by 
approximately 600-fold due to mul- 
tiple diffusional barriers to nitric oxide 
around the RBC membrane and along 
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the endothelium in laminar flowing 
blood. 7 ' 9 According to this model, vas- 
cular homeostasis is dependent on the 
compartmentalization or physical sepa- 
ration of hemoglobin from endothe- 
lium. 5 During intravascular hemolysis, 
this separation and the diffusional bar- 
riers are disrupted, resulting in effi- 
cient nitric oxide scavenging and endo- 
thelial dysfunction. 3940 

Haptoglobin can bind approxi- 
mately 0.07 to 0.15 g/dL of hemoglo- 
bin depending on the haptoglobin al- 
lotype. 41 Once the capacity of this 
hemoglobin-scavenging protein is ex- 
ceeded, consumption of endogenous ni- 
tric oxide intensifies. Plasma hemoglo- 
bin levels in patients with PNH are 
commonly in the range of 0.05 to 0.2 
g/dL and can exceed 1.0 g/dL during se- 
vere hemolytic episodes. 42 Similarly, 
plasma hemoglobin levels range from 
0.001 to 0.033 g/dL in SCD and can ex- 
ceed 0.041 g/dL during vaso-occlu- 
sive crisis. 39,43 Because the haptoglobin/ 
hemoglobin complex is degraded in the 
liver, the occurrence of steady state in- 
travascular hemolysis in diseases such 
as PNH and SCD typically generates suf- 
ficient plasma hemoglobin to com- 
pletely deplete haptoglobin. It has been 
shown that quantities of plasma hemo- 
globin greater than 0.01 g/dL can po- 
tently inhibit nitric oxide-dependent 
vasodilation in vivo. 39 - 44 

In vitro consumption of nitric oxide 
in patients with SCD is highly corre- 
lated with measured plasma hemoglo- 
bin levels (R = 0.92), and immunodeple- 
tion of hemoglobin from plasma 
eliminates the ability of the plasma to 
consume nitric oxide. 39 Consistent with 
an in vivo effect of elevated circulating 
plasma hemoglobin on endothelial func- 
tion, patients with SCD exhibit blunted 
vasodilator)^ responses to infusions of the 
direct-acting nitric oxide donor sodium 
nitroprusside. 39 In fact, patients with 
plasma hemoglobin levels higher than 
0.01 g/dL have an 80% reduction in nitric 
oxide-dependent blood (low responses. 
Moreover, nitrogiycerin-induced vaso- 
dilation is impaired in SCD patients, 45 
and diminished vasomotor response to 
nitric oxide donors is observed in trans- 



genic sickle-cell mice. 46,47 These mice also 
exhibit systemic resistance to nitric oxide 
donors, which correlates with hemo- 
lytic rate and plasma hemoglobin levels. 48 

While there is clearly a state of nitric 
oxide-mediated resistance in SCD 
patients and transgenic sickle-cell mouse 
models, overall blood flow and cardiac 
output are high in the face of the asso- 
ciated anemia. This increase in cardiac 
output in response to anemia appears to 
be mediated by up-regulation of non- 
nitric oxide vasodilators such as pros- 
tacyclin and endothelium-derived hyper- 
polarizing factor. This is illustrated in 
SCD patients by normal or high basal 
blood flow responses to acetylcholine, 
an endothelium-dependent vasodila- 
tor, which is not affected by simulta- 
neous nitric oxide synthase inhibition 
(L-NMMA). 45 ' 49 The hypothesis of a com- 
pensatory increase in non-nitric oxide 
vasodilators was recendy confirmed by 
Kaul and colleagues who demonstrated 
that transgenic mice expressing exclu- 
sively human hemoglobin S exhibit 
complete resistance to nitric oxide- 
mediated vasodilation accompanied by 
an increase in cyclooxygenase 2 (COX-2) 
levels and non-nitric oxide-dependent 
blood flow. 48 

In addition to hemoglobin decom- 
partmentalization and nitric oxide 
scavenging, hemolysis also releases 
erythrocyte arginase, an enzyme that 
converts L-arginine, the substrate for ni- 
tric oxide synthesis, to ornithine, 
thereby further reducing the systemic 
availability of nitric oxide. 50 " 52 Consis- 
tent with this observation, the arginine- 
to-ornithine ratio decreases signifi- 
cantly as pulmonary pressures increase 
in SCD patients. 22 

The biological effects of nitric oxide 
and its removal during intravascular he- 
molysis are depicted in the FIGURE. We 
propose that the release of hemoglo- 
bin during intravascular hemolysis re- 
sults in excessive consumption of ni- 
tric oxide, subsequent reduction in 
guanylate cyclase activity, smooth 
muscle contraction, vasoconstriction, 
and platelet activation/aggregation. 

The systemic removal of nitric ox- 
ide has been shown to contribute to 



clinical morbidities, including severe 
esophageal spasm and dysphagia, ab- 
dominal pain, erectile dysfunction, and 
thrombosis. I617,23 ' 26 In addition, sys- 
temic release of hemoglobin is associ- 
ated with pulmonary and systemic hy- 
pertension, l7 ' 20,53 " 55 decreased organ 
perfusion, and increased mortal- 
ity. 53 " 58 Plasma hemoglobin and its 
breakdown product heme can also 
directly activate endothelial cells and 
further promote inflammation and 
coagulation. 27 

Plasma Hemoglobin Causes 
Dose-Dependent Increases 
in Adverse Clinical Signs 
and Symptoms 

Stroma-free hemoglobin, cross-linked 
human or bovine hemoglobin, puri- 
fied human hemoglobin, or recombi- 
nant human hemoglobin preparations 
have been administered to patients, hu- 
man volunteers, and animals. As sum- 
marized in the Table, intravascular 
plasma hemoglobin is associated with 
a dose-dependent increase in adverse 
clinical signs and symptoms, includ- 
ing hemoglobinuria, abdominal pain, 
sternal pain, esophageal spasm, and 
dysphagia, as well as increases in blood 
pressure, platelet activation, creatine ki- 
nase level, and mortality. 

Hemoglobinuria and Renal Dys- 
function. Hemoglobinuria is one of the 
most prominent clinical signs of exces- 
sive intravascular hemolysis and is com- 
monly associated with the administra- 
tion of hemoglobin solutions. 11 " 13 Plasma 
hemoglobin is normally filtered through 
the glomerulus and actively reab- 
sorbed in proximal tubule cells where 
it is catabolized with release of iron in 
the form of hemosiderin. When the kid- 
ney's reabsorption capacity is ex- 
ceeded, clinically significant hemoglo- 
binuria occurs. Acute renal failure may 
occur during severe episodes of hemo- 
globinuria. 59 Persistent severe hemoglo- 
binuria is also associated with substan- 
tial proximal tubule hemosiderin 
deposition, Fanconi syndrome (defec- 
tive renal reabsorption of small mol- 
ecules leading to hyperaminoaciduria, 
glycosuria, hyperphosphaturia, and 
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Figure. Pathobiological Effects of Cell- Free Plasma Hemoglobin and Nitric Oxide (NO) Depletion During Intravascular Hemolysis 
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During intravascular hemolysis, hemoglobin is released into the plasma where it is normally cleared by the hemoglobin scavengers haptoglobin, CD163, and hemo- 
pexin. Haptoglobin-hemogiobin complexes bind to CD163 on the surface of macrophages/monocytes initiating endocytosis and degradation of the complex. Hemo- 
globin also releases ferric heme on oxidation, which is bound by hemopexin and degraded by hepatocytes in the liver. Excessive hemolysis saturates and depletes these 
hemoglobin removal systems and leads to a buildup of hemoglobin and heme in the plasma. Plasma hemoglobin and heme mediate direct proinflammatory, prolif- 
erative, and pro-oxidant effects on vessel endothelial cells. NO is normally generated from L-arginine in vessel endothelial celts by the enzyme nitric oxide synthase 
(NOS). NO maintains smooth muscle relaxation and inhibits platelet activation and aggregation, thereby regulating vessel tone and promoting organ system homeo- 
stasis. During intravascular hemolysis, NO availability can be severely limited by its reaction with oxyhemoglobin (NO scavenging) and by the breakdown of the sub- 
strate for NO synthesis. L-arginine, by the red cell enzyme arginase, despite elevated levels of NOS (decreased NO synthesis). NO depletion results in decreased ac- 
tivation of guanylate cyclase, an enzyme required for the generation of cydic guanine monophosphate (cGMP). Decreased cGMP levels disrupt regulation of smooth 
musde tone resulting in dystonias, induding systemic and pulmonary hypertension, erectile dysfunction, dysphagia, and abdominal pain. Decreased cGMP levels through 
the depletion of NO can also lead to platelet activation and aggregation, promoting dot formation. GTP indicates guanosine 5' -triphosphate. 
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bicarbonate and water loss), and chronic 
renal failure. 59 - 60 

Gastrointestinal Dystonias and Pain. 
Administration of hemoglobin prepara- 
tions to healthy human volunteers is as- 
sociated with dose-dependent gastroin- 
testinal symptoms, including abdominal 
pain, esophageal spasms, and dyspha- 
gia. 1 112,14 ' 16,1 7 Increasing doses of recom- 
binant hemoglobin result in increases in 
the duration of esophageal contrac- 
tions. 16 Further, acute episodes of intra- 
vascular hemolysis in patients undergo- 
ing long-term dialysis with plasma 
hemoglobin levels ranging from approxi- 
mately 0.3 to 2. 1 g/dL have also been as- 
sociated with abdominal pain. 61 

Hemoglobin-induced esophageal 
spasms are most likely attributable to 



nitric oxide consumption, as inhibi- 
tion of this molecule in healthy hu- 
man volunteers results in an increase 
in esophageal peristaltic amplitude and 
velocity (spasms) and a decrease in gas- 
tric distention -triggered transient lower 
esophageal sphincter relaxation. 62 Con- 
sistent with this hypothesis, augmen- 
tation of the downstream effect of 
nitric oxide via inhibition of phospho- 
diesterase type 5 (PDE5) with silde- 
nafil relieves spasms in patients with 
esophageal motor disorders 63,64 

Vasoconstriction and Systemic and 
Pulmonary Hypertension. The admin- 
istration of cell-free hemoglobin solu- 
tions to healthy volunteers and patients 
is commonly associated with a dose- 
dependent increase in systolic and dia- 



stolic blood pressure, 11 " 15,17,18 which is re- 
versed by the administration of the nitric 
oxide donor, sodium nitroprusside, con- 
firming the importance of nitric oxide 
scavenging in vasoregulation. 19 Plasma 
hemoglobin and erythrocytes also aug- 
ment hypoxic pulmonary vasoconstric- 
tion by scavenging nitric oxide, with 
plasma hemoglobin demonstrating an 
approximate 1000-fold greater nitric ox- 
ide scavenging potency in these models. 20 
Pulmonary arterial hypertension is an 
increasingly recognized complication of 
chronic hereditary and acquired hemo- 
lytic anemias, including SCD, 22,51,65 " 69 
thalassemia intermedia and major, 70 ' 76 
PNH, 77 ' 78 hereditary spherocytosis and 
stomatocytosis, 79 " 84 microangiopathic 
hemolytic anemias, 85 " 91 and pyruvate ki- 



Table. Clinical Signs and Symptoms Associated With the Administration of Hemoglobin Solutions 



Estimated 
Blood Hemoglobin 
Level* 



Source 


Model 


Hemoglobin 
Dose 


I 

g/dL 


I 

UM 


Clinical Signs and Symptoms 


Przybelski et al, 
1996 17 


24 Healthy adult 
volunteers 


25 mg/kg 
50 mg/kg 
100 mg/kg 


0.05 
0.10 
0.20 


7.8 
15.6 
31.2 


Abdominal pain and sternal pain; increased CK level; 
increased BP with high dose 


Savitsky et al, 
1978" 


10 Healthy adult men 


16g 


0.23 


35.9 


Hemoglobinuria; abdominal pain; increased BP; 
creatinine clearance reduction 


Sloan et al, 
1999 58 


112 Patients with 
traumatic 
hemorrhagic 
shock 


50-100 g 


0.71-1.42 


110.9-221.8 


Increased mortality 


Carmichael et al, 
2000 12 


42 Healthy adult male 
volunteers 


1.7-42 g 


0.02-0.60 


3.7-93.7 


Hemoglobinuria moderate >0.10 g/dL; increased BP 
over 0.05 g/dL with increased duration over 0.10 
g/dL; abdominal pain and dysphagia: <0.40 g/dL 
(12/32 mild); >0.40 g/dL (10/10 moderate- severe); 
dysphagia relieved by smooth muscle relaxants 


Murray et al, 
1995 16 


9 Volunteers 


0.11 -0.15 g/kg 


0.11-0.15 


17.1-23.4 


Dose-dependent increase in duration of esophageal 
contractions; dysphagia and CP: 0.15 g/dL (4/6 
participants) 


Lamy et al. 
2000 13 


209 Postcardiac 
bypass patients 


25 g 
50g 
75 g 


0.36 
0.71 
1.08 


56.2 
110.9 
168.7 


Hemoglobinuria; significant increase in BP, SVR, PVR 
after 0.36 g/dL; increased pancreatic enzyme 
levels; jaundice 


vleleet al, 1997 14 


48 Healthy adult male 
volunteers 


0.015-0.32 g/kg 


0.02-0.32 


2.3-50.0 


Hemoglobinuria; dose-dependent gastrointestinal 
symptoms including abdominal pain and dysphagia: 
0.02-0.1 1 g/dL (6/1 6 participants). 0.15-0.22 g/dL 
(1 1/12 participants), 0.25-0.32 g/dL (6/6 
participants); prophylactic smooth muscle relaxants 
required in 2 highest dose groups; increased 
amylase/lipase levels; transient modest increase 
in BP and heart rate 


Lamuraglia et al, 
2000 18 


72 Vascular surgery 
patients 


60 g 


0.86 


134.3 


Significant increases in BP and BUN; trends for 
increases in creatinine and amylase levels 


Saxena et al, 
1999* 


85 Stroke patients 


25 mg/kg 
50 mg/kg 
100 mg/kg 


0.03 
0.05 
0.10 


3.9 
7.8 
15.6 


Hemoglobinuria; jaundice at 0.10 g/dL; 
dose-dependent increase in BP duration 


Olsenetal. 1996 25 


66 Rats CEA mode! 


0.88 g/kg 


0.62 


96.8 


71% Increased platelet activation; 26% increase in BP 


Abbreviations: BP. Wood pressure; BUN, Wood urea nitrogen; CEA, carotid endarterectomy: CK. creatine kinase; CP, chest pain; PVR. pulmonary vascular resistance; SVR, sys- 
temic vascular resistance. 

•AH blood hemoglobin values are estimates except for those ol Przybelski et a).' 7 which reflect actual plasma values; calculations assume a weight of 70 kg and a Wood volume of 7 L 
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nase deficiency. 92 There are a number 
of pathophysiological features shared by 
these disparate disorders, including in- 
travascular hemolysis, iron overload, a 
propensity toward thrombosis, and sur- 
gical or autosplenectomy 

In a recent study of 195 adult patients 
with SCD, 32% had mild to severe pul- 
monary hypertension. Markers of 
hemolysis, including anemia, biliru- 
bin, lactate dehydrogenase (LDH), and 
aspartate aminotransferase (but not 
liver-specific alanine aminotransfer- 
ase), were associated with pulmonary 
hypertension. 22 In addition to limiting 
nitric oxide bioavailability via hemo- 
globin-based nitric oxide scavenging 
and dysregulated arginine metabo- 
lism, hemolysis is associated with acti- 
vation of downstream adhesion, pro- 
thrombotic, and pro-oxidant pathways 
that may further contribute to endo- 
thelial dysfunction and vasculopa- 
thy 39,49,93 ' 94 Other mechanisms may also 
contribute to the development of pul- 
monary hypertension, including chronic 
thromboembolism and in situ throm- 
bosis, asplenia, pulmonary fibrosis, liver 
cirrhosis secondary to iron overload and 
hepatitis C, and induction of hypoxia- 
inducible factor la-dependent factors 
such as vascular endothelial growth fac- 
tor, endothelin 1, and erythropoi- 



etin 



22.69,76,84,95.96 



Thrombosis and Platelet Activation, 
Excessive plasma hemoglobin may con- 
tribute to platelet activation and throm- 
bosis. The infusion of cross-linked he- 
moglobin increases platelet aggregation 
and adhesion in vivo on prothrom- 
botic surfaces such as an injured ves- 
sel wall. 25 Additionally, administra- 
tion of heme in healthy volunteers is 
associated with thrombophlebitis, dem- 
onstrating that heme can cause vascu- 
lar inflammation followed by vascular 
obstruction in vivo. 97 Interestingly, the 
addition of cell-free hemoglobin to hu- 
man serum at concentrations of 0.2 to 
2.0 g/dL causes a dose-dependent in- 
hibition of the metalloprotease 
ADAMTS13, an enzyme critical in lim- 
iting platelet thrombus formation. 98 

The major untoward effects of plasma 
hemoglobin on platelet function are 



most likely mediated by the scaveng- 
ing of nitric oxide. Nitric oxide has been 
shown to inhibit platelet aggregation, 
induce disaggregation of aggregated 
platelets, and inhibit platelet adhesion 
through increasing cyclic guanine 
monophosphate (cGMP) levels. 24 - 99 In 
fact, nitric oxide donor drugs (S- 
nitrothiols) that increase systemic lev- 
els of nitric oxide have been shown to 
inhibit platelet aggregation. 100 Con- 
versely, nitric oxide scavenging by he- 
moglobin or the reduction of nitric ox- 
ide generation by the inhibition of 
arginine metabolism results in an in- 
crease in platelet aggregation. 25 ' 26,101 

Nitric oxide interacts with compo- 
nents of the coagulation cascade to down- 
regulate clot formation. For example, 
nitric oxide has been shown to chemi- 
cally modify and inhibit factor XIII, which 
suggests that nitric oxide deficiency 
would enhance clot stability and reduce 
clot dissolution. 102 In animal models, 
reduction of nitric oxide causes increases 
in fibrin split products and thrombin- 
anti thrombin complexes leading to sig- 
nificant fibrin deposition and thrombus 
formation. 103 Moreover, in a patient with 
L-arginine deficiency, reduced nitric oxide 
production is associated with increased 
thrombin-antithrombin complexes and 
fibrin split products, while reversal of 
nitric oxide deficiency with L-arginine 
causes a reduction in intravascular coag- 
ulopathy 104 

Erectile Dysfunction. Hemoglobin 
release during intravascular hemolysis 
has been implicated in the pathogen- 
esis of erectile dysfunction in patients 
with PNH, presumably through the scav- 
enging of nitric oxide. 23 - 60 It has been well 
established that local nitric oxide defi- 
ciency due to decreased synthesis, 
impaired release, or premature destruc- 
tion is one of the factors responsible for 
erectile dysfunction. The capacity of 
PDE5 inhibitors such as sildenafil to 
improve erectile dysfunction via the 
accumulation of cGMP is dependent on 
the availability of nitric oxide. 105 - 106 

Inflammation and Oxidation. Plasma 
hemoglobin and heme may possess in- 
flammatory properties. The presence of 
large amounts of vascular heme re- 



sults in inflammatory infiltrates in vari- 
ous organs in mice and induction of 
neutrophil activation and migration in 
vitro. 27 107 Heme stimulates the expres- 
sion of the adhesion molecules 1CAM-1 
(intracellular adhesion molecule 1), 
VCAM-1 (vascular cell adhesion mol- 
ecule 1), and E-selectin on endothe- 
lial cells in vitro. 108 Heme and hemo- 
globin blood substitutes are associated 
with significant increases in vascular 
permeability. 109,1 10 Plasma hemoglo- 
bin promotes formation of the biologi- 
cally hazardous hydroxy 1-radical, a pro- 
cess that may be regulated by the 
hemoglobin scavenger haptoglobin. 94 
Many of the proinflammatory ef- 
fects of plasma hemoglobin and heme 
may involve consumption of nitric ox- 
ide. Studies have shown that nitric ox- 
ide inhibits cytokine-induced induc- 
tion of VCAM-1, ELAM-1 (endothelial 
leukocyte adhesion molecule 1), and 
1CAM-1 resulting in an anti-inflamma- 
tory effect. 1 11,112 The consumption of ni- 
tric oxide by hemoglobin circumvents 
the anti-inflammatory properties of ni- 
tric oxide. 

Paroxysmal Nocturnal 
Hemoglobinuria: a Prototypic 
Disease of Intravascular Hemolysis 

Paroxysmal nocturnal hemoglobin- 
uria is an acquired clonal disorder of 
the hemopoietic stem cell that is char- 
acterized by chronic intravascular he- 
molysis, as indicated by the grossly el- 
evated levels of LDH in almost all 
patients. Episodes of severe intravas- 
cular hemolysis are manifest clinically 
by hemoglobinuria (the hallmark of 
PNH) and are also frequently associ- 
ated with dysphagia, abdominal pain, 
erectile dysfunction, thrombosis, and 
disabling fatigue. 60 

The biochemical defect underlying 
PNH occurs in the synthesis of the gly- 
cosyl-phosphatidylinositol (GPl) an- 
chor. 113,114 This glycolipid structure is 
the means by which many proteins are 
attached to the plasma membrane. Two 
GPl-linked proteins missing from PNH 
cells are the complement regulatory 
proteins CD55 (also called "decay- 
accelerating factor") and CD59 (also 
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called "membrane inhibitor of reac- 
tive lysis"). The lack of complement 
regulation on the PNH RBC surface ren- 
ders these cells extremely sensitive to 
complement-mediated lysis resulting in 
systemic hemoglobin release. 115 

Lactate dehydrogenase catalyzes the 
reversible reduction of pyruvate to lac- 
tate by nicotinamide adenine dinucleo- 
tide. Red blood cells contain large 
amounts of LDH, and quantitation of 
total LDH and hemoglobin in osmoti- 
cally lysed RBCs shows a near uni- 
form correlation between these param- 
eters in vitro. 116 Lactate dehydrogenase 
is released into the plasma during he- 
molysis, and levels of this enzyme are 
generally elevated in patients with in- 
travascular hemolysis. 10,117 

Elevated levels of LDH are common 
among PNH patients due to ongoing 
chronic intravascular hemolysis, 10,1 18,1,9 
Lactate dehydrogenase is accepted as an 
accurate measure of intravascular he- 
molytic rate in PNH patients, and reso- 
lution of hemolysis in these patients re- 
sults in an immediate reduction in LDH 
levels to near normal values. 118 

A paroxysm, from which PNH de- 
rives its name, occurs when there is a 
sudden marked increase in the rate of 
intravascular hemolysis. During such 
paroxysms, LDH levels can reach more 
than 25 times that of normal. 1 18 Parox- 
ysms can be precipitated by events such 
as infection, drugs, and trauma, or they 
can occur spontaneously. 

Paroxysms are characterized by se- 
vere bouts of hemoglobinuria, and more 
than 90% of PNH patients exhibit he- 
moglobinuria at some point in the dis- 
ease, with approximately 50% of pa- 
tients presenting with this clinical 
sign. 120 During a severe paroxysm, he- 
moglobin filtered through the kidney 
can reach sufficient levels to turn the 
urine black. Severe hemoglobinuria 
typically lasts 3 to 7 days, but ex- 
tended episodes can occur. The inci- 
dence of hemoglobinuria is increased 
in patients with a large proportion of 
PNH blood cells (large PNH clone), as 
clone size often correlates with the de- 
gree of hemolysis. 23 In addition, it is well 
documented that intense hemoglobin- 



uria during a paroxysm can be associ- 
ated with acute renal failure. 59121 

As described above, many organ sys- 
tems that are innervated by smooth 
muscle are adversely affected by ad- 
ministration of exogenous hemoglo- 
bin preparations, most likely due to the 
systemic removal of nitric oxide. Simi- 
larly, during paroxysms, PNH pa- 
tients exhibit symptoms that are 
consistent with smooth muscle pertur- 
bation through the release of hemo- 
globin and nitric oxide scavenging, in- 
cluding abdominal pain, esophageal 
spasms, and erectile dysfunction. 

Abdominal pain is experienced by ap- 
proximately 35% of PNH patients dur- 
ing a paroxysm, and episodes are more 
common in patients with a large PNH 
clone. 23 Although thrombosis of the 
mesenteric venous tree has been im- 
plicated in recurrent episodes of ab- 
dominal pain,' 22 many such cases do not 
show evidence of thrombosis. Fur- 
ther, abdominal pain usually rapidly re- 
solves when the paroxysm abates, sup- 
porting the hypothesis that nitric oxide 
scavenging causes intestinal dystonia 
and spasm. 

Esophageal spasm and dysphagia due 
to strong peristaltic waves are a com- 
mon occurrence in PNH patients, with 
a reported incidence of approximately 
23%. 23 Dysphagia in these patients has 
also been shown to be closely linked to 
a large PNH clone and hemolysis. 23 
Similarly, episodes of dysphagia are 
most commonly associated with par- 
oxysms and tend to resolve as the he- 
molysis subsides. 60 

Erectile dysfunction occurs in 35% 
of male patients with PNH and is as- 
sociated with paroxysms and PNH 
clone size, although erectile dysfunc- 
tion can persist beyond hemolytic epi- 
sodes and in many cases become per- 
manent. 23,60 Erectile dysfunction in 
these patients appears to improve with 
PDE5 inhibitor therapy, as long as mac- 
roscopic hemoglobinuria is absent, 
suggesting a role for nitric oxide scav- 
enging in the pathogenesis (P.H., un- 
published data, 2005). 

Thrombosis is the most common 
cause of death in PNH patients. In a se- 



ries of 80 PNH patients, 50% of PNH- 
related deaths were attributed to ve- 
nous thrombosis, and approximately 
40% of patients experienced thrombo- 
sis at some point in the disease. 123 The 
most frequent types of thrombosis in 
this study included hepatic, pulmo- 
nary, deep, cerebral, and superficial 
veins, and inferior vena cava. Interest- 
ingly, there is a tight correlation be- 
tween thrombosis and a large PNH 
clone, and clone size correlates with he- 
molytic rates. 23,124 

As described above, nitric oxide plays 
an important role in the maintenance 
of normal platelet functions through the 
down-regulation of platelet aggrega- 
tion and adhesion and the regulation 
of molecules in the coagulation cas- 
cade. Accordingly, the chronic con- 
sumption of nitric oxide by plasma he- 
moglobin has been implicated in the 
formation of clots in PNH patients. In- 
deed, thrombotic events such as Budd- 
Chiari syndrome increase in PNH pa- 
tients during severe bouts of hemolysis 
(Wendell F. Rosse, MD, oral commu- 
nication, August 6, 2003). The lack of 
the complement regulatory proteins 
CD55 and CD59 on the surface of PNH 
platelets, which renders these cells more 
sensitive to complement-mediated ac- 
tivation, 125,126 may also contribute to 
thrombotic tendency in these patients. 

The relationship between intravas- 
cular hemolysis and plasma hemoglo- 
bin/nitric oxide-dependent symp- 
toms was recently evaluated with a 
specific drug intervention in PNH pa- 
tients. A monoclonal antibody that 
blocks cleavage of the complement 
component C5, thereby preventing 
complement-mediated red cell lysis, 
was administered to hemolytic PNH pa- 
tients over a 3-month period. 118 This 
study demonstrated a dramatic reduc- 
tion in intravascular hemolysis as LDH 
levels dropped from 3111 to 594 U/L 
(normal range, 150-480 U/L; P=.002). 
Similarly, the rate of hemoglobinuria 
(paroxysms) was reduced from 2.9 days 
per patient per month before treat- 
ment to 0. 1 2 day per patient per month 
during treatment (P<.001). Therapeu- 
tic resolution of intravascular hemoly- 
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sis in these patients also resulted in a 
significant improvement in objec- 
tively studied quality of life measure- 
ments. Furthermore, clinical assess- 
ment of symptoms in these patients 
prior to drug therapy and after the reso- 
lution of hemolysis during treatment 
showed that symptoms attributed to 
smooth muscle dystonias, including ab- 
dominal pain, dysphagia, and erectile 
failure, were either completely re- 
solved, or at least dramatically re- 
duced, in most patients. 127 These im- 
provements in quality of life and clinical 
symptoms occurred despite the obser- 
vation that total hemoglobin levels were 
unchanged during treatment, owing to 
a reduction in hemolytic rate and trans- 
fusion requirements. These data sug- 
gest that intravascular hemolysis and 
hemoglobin release mediate much of 
the symptoms of PNH patients, and fur- 
ther imply that smooth muscle con- 
striction and prothrombotic effects of 
nitric oxide scavenging by plasma he- 
moglobin may be involved. 

CONCLUSIONS 

Intravascular hemolysis represents a se- 
vere pathological condition in a num- 
ber of vital organ systems. Impor- 
tantly, in a variety of human volunteer, 
patient, and animal studies, the pres- 
ence of cell-free plasma hemoglobin is 
reproducibly associated with adverse 
clinical signs and symptoms, includ- 
ing gastrointestinal, cardiovascular, pul- 
monary, urogenital, hematologic, and 
renal abnormalities. Further, use of 
drugs that affect systemic levels of ni- 
tric oxide has revealed a strong rela- 
tionship between homeostasis of these 
organ systems and the availability of ni- 
tric oxide. The demonstration that 
plasma hemoglobin is an efficient scav- 
enger of nitric oxide, and that hemo- 
globin levels characteristic of intravas- 
cular hemolytic diseases are sufficient 
to effectively deplete nitric oxide, 
strongly support a critical role of ni- 
tric oxide scavenging in many of the 
clinical manifestations of hemoglobin 
release. Indeed, inhibition of comple- 
ment-mediated hemolysis in PNH re- 
sults in a reduction in plasma hemo- 



globin level and resolution of various 
clinical symptoms, thus demonstrat- 
ing the close association between he- 
moglobinemia and these symptoms. 

These data support the existence of 
a novel mechanism of human disease, 
hemolysis-associated smooth muscle 
dystonia, vasculopathy, and endothe- 
lial dysfunction. The definitive link be- 
tween cell-free plasma hemoglobin, ni- 
tric oxide consumption, and symptoms 
characteristic of intravascular hemo- 
lytic diseases is now a topic of intense 
investigation. 
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